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Urban green spaces provide ecosystem properties fundamental to the provision of
ecosystem services, such as the sequestration of carbon and nutrients and serving as a
reservoir for organic matter. Although, urban vegetation influences soil physico-chemical
properties, it remains unknown whether ecosystem properties depend on plant species
portfolios. We tested the influence of three common functional plant groups (evergreen
trees, deciduous trees, grass/lawn) for their ability to modify soils in parks of various
ages under cold climatic conditions in Finland. We hypothesized that (i) plant functional
groups affect soils differently resulting in divergent ecosystem properties, and (ii) that
these ecosystem properties also depend on park age. We included 41 urban parks of
varying ages (10, 50, and >100 years) and additional control forests. Park soils were
sampled for physico-chemical parameters up to 50 cm depth. Our data indicate that
plant functional groups modify soils differently, especially between the evergreen and
lawn treatments at 50 and >100 year old parks. Soils under evergreen trees had the
lowest pH and generally the highest percentage organic matter, percentage total carbon
and percentage total nitrogen. Soil pH remained the same, whereas concentrations of
organic matter, total carbon and total nitrogen declined by depth. Soils in the reference
forests had lower pH but higher percentages organic matter, total carbon, and total
nitrogen than those in parks. We estimate that old parks with evergreen trees can store
35.5 and 2.3 kg N m−2—considerably more than in urban soils in warmer climates. Our
data suggest that plant-soil interactions in urban parks, in spite of being constructed
environments, are surprisingly similar to those in natural forests.
Keywords: plant functional groups, soil carbon, nitrogen and organic matter concentration, soil ecosystem
services, urban park age, soil depth
INTRODUCTION
Soils, especially those in natural or semi-natural ecosystems, are increasingly recognized for
the ecosystem services they provide (Barrios, 2007; Wall et al., 2015). Besides providing a
substrate for plant growth, soils are vital in, e.g., the provision of clean water (Valtanen et al.,
2014), recharging groundwater reservoirs (Glynn and Plummer, 2005), detoxification of harmful
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substances (Lehmann and Stahr, 2007), and storing soil organic
matter (carbon and nitrogen pools; Franzluebbers, 2002; Lal,
2004). Many of these ecosystem services are directly or indirectly
linked to human health (Wall et al., 2015), emphasizing the
importance of soils for humans.
Urban sprawl and densification are increasing urban land use
rapidly, drastically affecting soils and their function (Pickett et al.,
2001; Byrne, 2007; Pavao-Zuckerman, 2008; Pouyat et al., 2010).
As urban land use can be equated to soil use (Pouyat et al.,
2007a; Setälä et al., 2014), urbanization not only modifies soil
structure but also reduces the soil area/volume. Sites at which
productive soils have been lost or replaced by functionally altered
soils such as “made lands” (Pouyat et al., 2002; Pavao-Zuckerman,
2008) are often characterized by diminished organic matter
(OM), carbon (C), and nutrient stocks (Craul and Klein, 1980;
Short et al., 1986). Since soil C content relates to soil function
and resultant ecosystem services (Franzluebbers, 2002), C-devoid
urban soils may provide fewer benefits than those unaltered
by humans (Pouyat et al., 2010). However, when subjected to
minor disturbances, e.g., construction of residential gardens or
urban green spaces, urban soils can sequester even more carbon
than native soils (Pouyat et al., 2002, 2009; Qian and Follett,
2002; Kaye et al., 2005; Frank et al., 2006; Golubiewski, 2006;
Raciti et al., 2011; Edmondson et al., 2014a). This high C and N
storage is typical of intensively managed turf grass (i.e., lawn),
but soils under urban trees also store C and other soil elements
(Edmondson et al., 2014a,b; Bae and Ryu, 2015; Livesley et al.,
2016). Indeed, theory predicts and evidence shows that the type
and biomass of natural and semi-natural vegetation control soil
formation, its OM content, plus the composition and activity of
the below-ground food web (Wardle, 2002; Ponge, 2003; Bardgett
and Wardle, 2010). Consequently, simple and diminished plant
communities in urban systems (Pickett et al., 2001; Alberti,
2008; Cilliers and Siebert, 2011) also modify urban brown spaces
(i.e., soils, sensu Allison, 2006; Pouyat et al., 2007a) and their
function. Supporting this, previous research suggests that altered
plant biomass and cover, and the concomitant changes in plant
litter can cascade down to urban soils, their decomposers, and
organismal life-supporting processes (see Pavao-Zuckerman and
Coleman, 2007; Vauramo and Setälä, 2010; Ossola et al., 2015).
The functional attributes of dominant plants (sensu Grime,
1974, 1998) strongly influence soil formation and the function
of the plant-soil system (Cornwell et al., 2008; Austin and Zanne,
2015). For example, fast and slow-growing plants differ in litter
that boosts the formation of either bacterial or fungal food
webs (Moore and Hunt, 1988; Wardle et al., 2004; Bardgett
and Wardle, 2010). Depending on the relative dominance of
the plant functional groups and the two soil microbial groups,
decomposition and thus soil organic matter accumulation differ
among systems with such food webs (Meentemeyer, 1978;
Coleman et al., 1983; Ponge, 2003; Paterson et al., 2008).
Consequently, plant types producing labile litter are prone to
faster C and N loss than e.g., slow-growing conifers that produce
recalcitrant litter (Wardle et al., 2004; Bardgett and Wardle,
2010). Currently, only little information is available on the effects
of plant functional groups on belowground processes in urban
soils (but see Vauramo and Setälä, 2010, 2011; Edmondson et al.,
2014b; Ossola et al., 2015). To our knowledge, studies that
explicitly explore the effects of plant functional groups on urban
park soils are non-existent.
The age of individual plants as well as the successional stage
of the ecosystem influence plant-soil interactions (Kardol et al.,
2006; Gough et al., 2008). The longer plants and soil interact,
the stronger the coupling between the two in the rhizosphere
(De Deyn et al., 2008) and the more likely the plant driven
phenomena to manifest in the soil (Wardle, 2002). In urban
systems, old soils, mostly home-yard lawns, may sequester more
C and N than recently established home-yards (Qian and Follett,
2002; Frank et al., 2006; Golubiewski, 2006; Pouyat et al., 2009;
Raciti et al., 2011). Little information is available on the impacts
of vegetation or park age, other than for grasses/lawns, on C and
N sequestration in urban greenspace soils. Some observational
studies suggest that soil C content is not directly correlated with
tree age in public parks (Edmondson et al., 2014b) or park age
itself (Livesley et al., 2016), emphasizing the need for rigorous,
well-designed studies of both vegetation and the age of urban
greenspace on soil properties.
Similarly to virtually all terrestrial ecosystems (Franzluebbers,
2002), urban greenspaces are typified by soils that accumulate
organic matter in the topmost layer and a clear decline in %OM
and %C with increasing soil depth (Kaye et al., 2005; Raciti
et al., 2011; Edmondson et al., 2014a,b). As a result, soil OM
and its importance in soil functioning (Franzluebbers, 2002;
Lal, 2010) make surface soils primary drivers of soil-derived
ecosystem services—also in urban settings (Lorenz and Lal, 2009;
Edmondson et al., 2012). Although, deeper soil layers may also
store considerable amounts of C and N in home-yards and
other urban turf-grass habitats (Pouyat et al., 2010), little is
known about how plant species or greenspace age influence the
distribution of OM, C and N in urban soil profiles. However, soil
macrofauna, e.g., earthworms, potentially mix urban soils (see
Lavelle, 1988; Edwards and Bohlen, 1996; Pouyat et al., 2002)
leading to less obvious stratification of OM and nutrients with
increasing age, simply because soil mixing by earthworms may
take decades or even centuries (Edwards and Bohlen, 1996).
Although, urban home-yards and other intensively managed
soils in the USA can sequester considerable amounts of C and
N (Easton and Petrovic, 2008; Groffman et al., 2009; Pouyat
et al., 2010; Raciti et al., 2011), few have studied this topic
in European cities (see Edmondson et al., 2012, 2014b). The
control of C and N sequestration in urban greenspaces by plants
differing in eco-physiology and whether these effects depend
on the age of the greenspace remain virtually unknown. We
aimed to study the potential of three plant functional groups
(evergreen or deciduous trees and lawns) to modify soils and
their properties in 41 urban parks of varying age (5 to over 200
years old) under northern climatic conditions in Europe. We
highlight that our study is rigorously replicated and provides
adequate statistical power to evaluate plant and park age effects
without pseudoreplication—a challenge in many studies focusing
on urban systems. To compare the urban systems to others with
little anthropogenic impacts, we also included natural and semi-
natural mixed forests with evergreen (Norway spruce—Picea
abies L.) and deciduous (forest linden—Tilia cordata L.) trees, but
Frontiers in Ecology and Evolution | www.frontiersin.org 2 August 2016 | Volume 4 | Article 93
Setälä et al. Plant Types Affect Urban Soils
without lawn, as control sites. Our goal was to test the following
three primary hypotheses:
(1) The three vegetation types, being dominant in parks in
southern Finland, differ in their ability to modify the soil
biogeochemistry (here pH, %OM, %C, and %N and the
C/N ratio). These differences translate to variation in soil
properties and processes among the vegetation types as a
result of fundamental differences in the decomposability of
the litter that they produce (Bardgett and Wardle, 2010).
Further, rooting depths of the two tree types (deciduous and
evergreen) are much greater than those of grasses (Jobbagy
and Jackson, 2000), likely manifesting as diverging C and N
concentrations in the soil profile.
(2) Urban park soil C and N storage depend on park age (time
since park establishment—from here on “park age”) because
old trees in old parks span decades or even more than a
century to modify soils, whereas young trees in recent parks
lack such history.
(3) Soil texture, chemistry and organic matter content are more
stratified in young parks than in older parks. This is because
in the former systems, roots of the young plants have not
reached deeper soil layers and have been unable to deposit
root-derived OM throughout the soil profile.
Prevailing urban ecological “theory” suggests that processes in
urban green spaces, driven by socio-ecological actions (Grimm
et al., 2000; Pickett et al., 2001; Alberti, 2008), should differ from
those of more natural systems. Consequently, we predict that the
biogeochemistry of the soil, even in old urban parks, differs from
that of nearby natural boreal forest habitats of similar age. This is
because succession of the managed, constantly disturbed urban
park ecosystems differs from that in natural forests, typified
by the constant accumulation of soil OM in the uppermost
layers due to slow decomposition (Aerts and Chapin, 2000)
and the scarcity of larger earthworm taxa (H. Setälä, personal
observations) capable of soil mixing (see Carreiro et al., 2009).
MATERIALS AND METHODS
Site Description
A total of 41 parks, belonging to the Finnish LTSER-site network
(Forsius et al., 2013), were chosen on the basis of their age
[young parks (7–15), intermediate parks (ca. 50 ± 10 years)
and old parks (>100 years old, the oldest ones established more
than two centuries ago), data on the approximate ages of parks
were provided by the Helsinki City Public Works Department
and by the Technical and Environmental Services of the city of
Lahti] in two cities in southern Finland: Helsinki (60◦10′15′′N,
024◦56′15′′E, population size of ca. 1.4 million people) and
Lahti (60◦59′00′′N, 25◦39′20′′E, population size of 102,000). In
both cities, five parks of each age were selected so that each of
the parks were—ideally—represented by three vegetation types,
i.e., evergreens (Norway spruce [Picea abies]), deciduous trees
(Linden [Tilia × vulgaris]), and lawn species (mostly Poa and
Festuca species with scattered herbs such as Trifolium pratence
and Plantago major). In a few cases it was not possible to find
each of the three plant functional groups within the same park
forcing us to choose some parks with only one or two vegetation
types present. This resulted in a total of 41 study parks across
the two cities with at least five replicates per plant treatment per
park age. Furthermore, in two parks in Lahti and one in Helsinki,
Norway maple (Acer platanoides L) instead of linden, and in
three parks in Helsinki, Scots pine (Pinus sylvestris L) instead of
spruce were chosen. The size of the parks varied considerably,
from ca. 0.1 ha to some ha in size. The parks were frequently
mowed without irrigation, fertilizer or pesticide additions. In
the city of Lahti, parks belonging to the three age-classes were
randomly distributed within the city, while in Helsinki the oldest
parks tended to be closer to the urban core than the intermediate
and young parks. Five additional forest sites (control) in the
proximity of the city of Lahti were included in the experimental
design. These unmanaged control forests (several ha in size)
are mature (>60 year old) mixed forests dominated by Norway
spruce and small-leaved linden (Tilia cordata) without lawn.
During park construction, young and intermediate parks
were topped with a 10–20 cm layer of new soil (either a
mixture of leaf compost, peat and sand, or mull derived from
adjacent arable fields, Markku Saari, personal communication)
immediately before planting the trees/lawn. No data are available
on the establishment of old parks. Tree age represents the age
of the park—trees visibly younger than the age of the park were
disregarded. In the case of poor grass survival, some of the old
parks in Helsinki and Lahti occasionally received a shallow top
layer of fine sand and/or garden soil. In each park, independent
of their age, fallen leaves and needles are raked and removed in
the fall and again in the spring at the start of the growing season
in May. Lawn clippings are not removed after mowing.
The mean annual temperature and average precipitation
in Helsinki is 5.3◦C and 682 mm, and in Lahti 4.5◦C and
636 mm, respectively. In southern Finland, winter lasts 135–
145 days, summer 110–120 days, and temperatures can vary
between −35 and +35◦C within a year (Finnish Meteorological
Institute: http://en.ilmatieteenlaitos.fi/; verified 12 March, 2015).
Helsinki and Lahtimetropolitan regions are classified byNRCS as
having Udic moisture and Mesic/Cryic temperature soil regimes,
respectively. The bedrock in Helsinki consists of microcline
granite and soil of the sites consists primarily of homogeneous
clay and silt stratification. In Lahti, the bedrock is characterized
by mica schist and mica gneiss as well as microcline granite. Soil
at the Lahti sites is mostly gravel and sand till. The Salpausselkä
esker, which is a terminal moraine formed in the latest ice age
during the Younger Dryas era 12,000 BP, typifies the landscape
in the southern part of Lahti where about half of the parks
reside. The Helsinki and Lahti metropolitan regions are classified
by NRCS as having soils of primarily the Spodosol suborder.
However, all urban parks in the two cities are constructed
showing no signs of podsolization. It is noteworthy that each park
was covered with lawn; even the soils sampled underneath tree
canopies (see below) had a lawn understory.
Soil Sampling
Soils were sampled in May 2015 (control forests) and October
2014 (parks) underneath the canopy projection (evergreen and
deciduous trees) so that distance to the nearest tree trunk ranged
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from 1m (young trees in young parks) to several meters (old
trees in old parks). The lawn soils (in parks only) were sampled
at least at a distance equal to or greater than the height of
the nearest tree to minimize the effect of adjacent trees and
their roots. The samples were collected using a metal soil corer
(2.54 cm diameter) to a depth of 50 cm. The soil samples were
divided vertically into 0–10, 11–20, and 21–50 cm sections and
transported to the laboratory for further analyses. The soils were
sieved through a 2 mm sieve to remove larger mineral particles,
roots and other organic debris and analyzed for soil dry mass
(after drying for 48 h at 105◦C), %OM (loss on ignition, 5 h
at 550◦C in a muﬄe oven), soil pH (1:5 v/v, fresh soil/distilled
water), and total carbon (tot-C) and -nitrogen (tot-N) by dry
combustion at 1350◦C using a LECO CNS-2000 Elemental
Analyzer (0.07% C and 0.09% N detection limits). Because of the
low carbonate concentration in northern soils, we considered it
unnecessary to quantify the proportion of inorganic-C of tot-C.
As a result, tot-C is considered analogous to organic-C in the
current study. Altogether 270 park soil samples (2 cities× 3 park
age classes × 3 vegetation types × 3 soil depths × 5 replicates)
and 20 forest soil samples (1 city × 1 age × 2 vegetation types ×
2 soil depth × 5 replicates) were analyzed. Only the uppermost
0–10 cm and 11–20 cm soil layers were sampled in the control
forests because of rocky soil that made deeper cores impossible.
Statistical Analysis
All statistical analyses were performed in R (version 3.2.2, R Core
Team, 2015). Five tests were performed, one each for the response
variables pH, %OM, %C, %N, and the C/N ratio. Normality of
these variables was determined via the inspection of histograms
and the Shapiro-Wilks Normality test. The pH and C/N ratio data
were Ln-transformed, whereas %OM, %C, and %N were square-
root transformed to approximate normality prior to analyses
and a Gaussian error distribution of the response variables was
assumed. Using generalized linear mixed models (GLMM), each
response variable was tested against (i) vegetation type (a factor
with three levels; Lawn, Deciduous, Evergreen), (ii) park age
(a factor with three levels; Young, Intermediate, Old) and (iii)
sample depth (a factor with three levels; 0–10 cm, 11–20 cm,
21–50 cm), and their two-way and three-way interactions. We
included park, nested within the city as a random term in
the models. Model selection was performed by removing the
three-way interaction first (if none of the p-values were < 0.1).
Subsequently, two-way interactions were removed depending on
significance (same as above). These models did not include the
control forests in the city of Lahti.
To test for differences in these five variables among the
natural forests and parks, we performed GLMMs including
data from only the natural forests and old parks in Lahti with
lawn samples excluded. The models included vegetation type (a
factor with four levels; natural evergreen forest, park evergreen
trees, natural deciduous forest, park deciduous trees) and sample
depth (a factor with two levels; 0–10 cm, 11–20 cm), and their
interaction. The interaction term was removed if not significant
(if no p-values were <0.1). All variables except pH were Ln-
transformed to approximate normality.
RESULTS
Soil pH as Affected by Vegetation and Park
Age
Vegetation and park age clearly influenced soil pH (Figure 1,
Table 1). Soils under evergreen trees had a lower pH than soils
under lawn and deciduous trees, whereas soil pH did not differ
between the latter two. Soils in young parks were less acidic
compared to intermediate and old parks, which did not differ.
Sampling depth had no direct effect on soil pH. Yet, a significant
interaction between depth and vegetation revealed that pH in the
uppermost soil layer of lawns was lower than in deeper layers, but
this pattern was reversed under deciduous and evergreen trees.
Comparisons of natural forest and old park soils in Lahti
indicated that pH under evergreen (mean 5.11 ± 0.15 SE) and
deciduous (5.36 ± 0.13) trees in natural forests was lower than
under evergreen (6.29 ± 0.14) and deciduous (6.19 ± 0.13) trees
in the old parks (Table 2). Soils were less acidic in the deeper soil
layer (5.89± 0.15) than in the top layer (5.62± 0.15).
Soil Organic Matter Content
Soils under evergreen trees had higher %OM than those under
deciduous trees and lawns. Young parks had lower %OM than
the older parks (Figure 2, Table 1). Additionally, %OM was
more similar between lawns and deciduous trees in the young
and intermediate parks than in the old parks (i.e., a significant
plant functional group × park age interaction). Deeper soils
had consistently lower %OM than shallower soils, with greater
differences in young and intermediate parks than in old parks.
In the forest sites, soil organic matter concentrations under
evergreen (mean 14.83 ± 2.01 SE) and deciduous (12.03 ± 1.41)
trees were higher than those under evergreen (8.22 ± 0.82) and
deciduous (7.73 ± 0.63) trees in the old parks (Table 2). Trees
did not influence %OM in either parks or forest. Organic matter
concentrations were lower in the deeper soil layer (11–20 cm)
than in the top layer (0–10 cm) [7.96± 0.59 vs. 12.90± 1.16].
Soil C and N Concentrations
Soil tot-C and tot-N followed similar patterns in terms of
vegetation, park age and soil depth (Figure 3, Table 1). Lawn
soils had the lowest and evergreen soils the highest C and N
concentrations at each park age category. Young parks had
lower soil tot-C and tot-N concentrations than intermediate and
old parks. Additionally, differences in tot-C and tot-N between
vegetation types in young parks were negligible compared to
intermediate, and particularly, old parks. Soil tot-C and tot-
N declined with soil depth under each plant functional group
independent of park age. However, the magnitude of that decline
depended on park age.
In the forest sites, soil tot-Cwas higher under evergreen (mean
8.03 ± 1.54 SE) and deciduous (5.90 ± 0.64) trees than under
evergreen (3.75 ± 0.51) and deciduous (3.25 ± 0.30) trees in
the old parks (Table 2). The respective values for tot-N were
0.40 ± 0.06 and 0.36 ± 0.05 for evergreen and deciduous trees
in the forests, and 0.26 ± 0.04 and 0.23 ± 0.02 for evergreen and
deciduous trees in the old parks in Lahti. Tree type had little effect
on soil tot-C and tot-N in either of the treed habitats. Both tot-C
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FIGURE 1 | The effects of plant functional groups and park age on soil pH. Predicted means ±SE values are presented. The panel on the left presents data
with the three depth intervals pooled, while in the right panel data are shown for each depth interval separately.
and tot-N decreased from the surface soil to the layer beneath
(tot-C: 0–10 cm = 6.48 ± 0.82, 11–20 cm = 3.65 ± 0.34; tot-N:
0–10 cm= 0.39± 0.03, 11–20 cm= 0.22± 0.02).
Soil C/N Ratio
Vegetation did not affect the soil C/N ratio in any of the park age
classes. However, the C/N ratio was higher in young parks than
in the intermediate and old parks (Figure 4, Table 1). The soil
C/N ratio increased with soil depth independent of park age, yet
younger parks had greater differences between depths than the
older parks.
The soil C/N ratio under evergreen (mean 19.31 ± 0.99 SE)
and deciduous (16.94 ± 0.90) trees in the forest sites was higher
than under evergreen (14.47 ± 0.47) and deciduous (14.22 ±
0.34) trees in the old parks (Table 2). Tree type had no influence
on the soil C/N ratio in the old parks, whereas in the forest
sites, C/N was higher under evergreen (Norway spruce) than
deciduous (linden) trees. The C/N ratio did not vary with soil
depth (0–10 cm: 15.99± 0.75; 11–20 cm: 16.29± 0.59).
DISCUSSION
We tested for the first time the hypotheses that (i) eco-
physiologically distinct plants (sensu Grime, 1974, 1998) modify
the biogeochemistry of urban soils differently (see Wardle, 2002;
Bardgett and Wardle, 2010), and that (ii) plant effects diverge
among urban parks of different ages. Based on a rigorous
and well-replicated experiment, our results indicate that plant
functional types (i.e., evergreen and deciduous trees and lawn)
differed in their effects on various soil properties, and that
these effects were, in general, similar yet magnified as parks
aged. More specifically, the most distinct differences in soil
properties occurred between evergreen trees and lawns (turf-
grass), with intermediate effects of deciduous trees. These results
support our first hypothesis and agree with earlier findings on
the general importance of plant functional groups in modifying
the soil biogeochemistry (Wardle, 2002; Ponge, 2003; Cornwell
et al., 2008; Holtkamp et al., 2008; Bardgett and Wardle, 2010).
Our second hypothesis, predicting that park age affects the
biochemistry of the soil, was also supported. In particular, young
park soils contained lower concentrations of OM, tot-C, and
tot-N. Our results are also in agreement with previous findings
that the accumulation of C in park soils diminishes with soil
depth (Golubiewski, 2006; Raciti et al., 2011; Edmondson et al.,
2014a,b; Bae and Ryu, 2015; Livesley et al., 2016). However, as
the stratification of these soil variables did not relate to park age,
our third hypothesis is not supported. Similarly, our results do
not corroborate predictions of prevailing urban ecological theory
that processes in urban green spaces are strongly controlled by
socio-ecological actions (Grimm et al., 2000; Pickett et al., 2001;
Alberti, 2008), and as such should differ from those of more
natural systems.
For simplicity, we address explanatory variables (plant
functional types, park age, and soil depth) separately below, but
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TABLE 1 | GLMM results, testing the effects of plant functional groups (evergreen trees, deciduous trees, lawns), park age (young, intermediate, old), soil
depth (0–10, 11–20, and 21–50cm) and their two-way and three-way interactions on five variables (pH, % organic matter, Carbon content, Nitrogen
content, and the C/N ratio).
Variable Intercept Lawn Deciduous Old Young Depth 2 Depth 3 Functional
group
× Age
Functional
group ×
Depth
Age ×
Depth
Functional
group ×
Age ×
Depth
pH 1.805 0.018 0.039 0.008 0.067 −0.016 −0.005 *
(0.026) (0.018) (0.018) (0.022) (0.021) (0.017) (0.018)
<0.001 0.301 0.025 0.696 0.001 0.364 0.796
Organic Matter
(%)
0.336 −0.011 −0.003 0.001 −0.017 −0.020 −0.089 * *
(0.016) (0.014) (0.014) (0.023) (0.022) (0.013) (0.014)
<0.001 0.429 0.808 0.971 0.453 0.139 <0.001
Carbon content 2.290 −0.087 0.019 −0.025 −0.209 −0.197 −0.696 * *
(0.147) (0.160) (0.158) (0.210) (0.206) (0.155) (0.166)
<0.001 0.587 0.907 0.906 0.310 0.202 <0.001
Nitrogen
content
0.589 0.031 0.012 0.006 −0.076 −0.054 −0.180 * * *
(0.034) (0.030) (0.030) (0.046) (0.044) (0.029) (0.030)
<0.001 0.312 0.682 0.892 0.089 0.057 <0.001
C/N ratio 2.671 −0.055 −0.019 0.029 0.166 0.037 0.149 * *
(0.054) (0.037) (0.037) (0.068) (0.064) (0.046) (0.048)
<0.001 0.138 0.606 0.669 0.01 0.418 0.002
The evergreen tree functional group, intermediate age park, and shallow soil depth treatment levels are in the intercept. The values presented are the coefficient (with the Standard
Error in parentheses), and the p-value. Significant effects (p < 0.1) are highlighted in bold. Significant interaction terms are indicated with an asterisk. For detailed information on the
interaction terms, (coefficients, SE’s and p-values) see Supplementary Material, Table S1. pH and the C/N-ratio = Ln transformed. %OM, C, N = square-root transformed.
acknowledge that they are interrelated and the effect of one factor
often depends on the magnitude of another (see the significant
interactions in Table 1, visualized in Figures 1–4). Finally, we
explore the potential of plant types in urban green spaces of
different ages in providing ecosystem services under northern
European conditions.
General Effects of Plant Functional Groups
on Urban Park Soils
Like in most ecosystems, C and N also accumulate in urban soils
(Pouyat et al., 2006, 2010) and the accumulation rate reflects
the vegetation and its management in the greenspace (see Raciti
et al., 2012; Edmondson et al., 2014a,b; Livesley et al., 2016).
However, the extent to which plant functional groups can modify
urban soils and their C and N stocks is far less known. A few
studies conducted in severely disturbed land fill soils (Vauramo
and Setälä, 2010), domestic gardens (Edmondson et al., 2014a)
and urban public parks (Edmondson et al., 2014b) support our
findings that vegetation modifies urban soil properties through,
e.g., differences in soil C accumulation in the rhizosphere.
It is difficult to conclude whether the vegetation effects are a
result of differences in plant litter, growth strategies, or both. Our
results suggest that the type and amount of aboveground litter
entering the soils can control the accumulation of OM, SOC,
and soil organic nitrogen (SON) in urban soils. For example,
the lower soil pH under evergreen trees than under lawns may
have retarded the decomposition of both root and needle litter
(Ponge, 2003; Rasse et al., 2005), thus boosting OM accumulation
in evergreen soils. Further, recurring litter removal can also
reduce soil OM accumulation (Kaye et al., 2008). Raking removes
deciduous tree leaves more efficiently than evergreen needles that
are shed throughout the year (Ukonmaanaho et al., 2008), leaving
greater quantities of needle litter behind, perhaps exaggerating
the differences in OM accumulation. The fact that soil OM, tot-C,
and tot-N concentrations in the old parks (litter removed) were
about half of those in the native, unmanaged forests further
implies the importance of aboveground litter in the buildup of
OM. However, Edmondson et al. (2014b) reported that SOC
concentrations in mixed woodland parks with no litter removal
did not differ from those in managed parks with litter removal.
Given the limited literature on the effects of vegetation on
urban soils, and the fact that the few existing studies have been
conducted in urban green spaces at different latitudes, plant
community compositions, and management intensities, general
conclusions on the effects of management and plant functional
types are unattainable. More empirical research on the effects
of park management (e.g., litter removal) is needed to evaluate
the effects of litter on belowground biochemical and food web
dynamics in urban systems.
Despite the considerable variation in urban greenspace types
and their vegetation (Beer, 2010; Cilliers and Siebert, 2011),
a common attribute of urban lands is their high potential
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TABLE 2 | Linear model results, testing the effects of plant functional
groups in natural forests and parks (a factor with four levels; natural
evergreen forests, evergreen trees in old parks, natural deciduous forests,
deciduous trees in old parks), sample depth (0–10cm, 11-20cm), and their
interaction.
Variable Intercept Evergreen Broadleaf Broadleaf Depth
(park) (forest) (park) (11–20cm)
pH 5.254 1.203 0.257 1.105 −0.328
(0.142) (0.180) (0.184) (0.180) (0.127)
<0.001 <0.001 0.172 <0.001 0.014
Organic
Matter (%)
2.821 −0.549 −0.202 −0.593 −0.439
(0.103) (0.130) (0.134) (0.130) (0.092)
<0.001 <0.001 0.141 <0.001 <0.001
Carbon
content
2.187 −0.723 −0.242 −0.800 −0.508
(0.134) (0.170) (0.174) (0.170) (0.120)
<0.001 <0.001 0.173 <0.001 <0.001
Nitrogen
content
−0.748 −0.436 −0.11 −0.498 −0.546
(0.129) (0.163) (0.168) (0.163) (0.116)
<0.001 0.012 0.516 0.005 <0.001
C/N ratio 2.935 −0.287 −0.132 −0.302 0.038
(0.042) (0.053) (0.055) (0.053) (0.038)
<0.001 <0.001 0.021 <0.001 0.317
Model coefficients (with the Standard Error in parentheses) and p-values are presented.
The interaction between functional groups and depth were not significant in any of the
models. Significant effects (p < 0.1) are highlighted in bold. %OM, C, N, C/N-ratio = Ln
transformed.
for soil C and N accumulation, often greater than adjacent
native ecosystems (reviewed in Pouyat et al., 2006). Considering
vegetation cover (an estimate of the overall vegetation rather
than plant functional groups), urban green spaces with woody
vegetation likely possess higher soil C stocks than lawns. For
example, Bae and Ryu (2015) observed that mixed forests had
the highest SOC stocks, followed by evergreen and broadleaf
forests, and lawn in an urban park in Seoul, Republic of Korea.
Similarly, in a study of 13 urban green spaces (golf courses)
in Melbourne, Australia, Livesley et al. (2016) reported that
tree-canopy areas had higher concentrations of C and N than
nearby grassy areas. These studies suggest that woody plants
can enhance C sequestration in urban soils. This supports our
findings that soils associated with trees, evergreens in particular,
retained higher soil OM, tot-C, and tot-N concentrations than
lawns.
The mechanism by which woody vegetation boosts C
accumulation in soils is poorly known. Berthrong et al. (2009)
suggested that urban woody vegetation increases the input of
organic matter with a high C/N ratio and, since litter with high
C/N decomposes more slowly (Stevenson, 1994), the soils will
accumulate C stocks over time. Although woody vegetation,
compared to lawn, may increase the C/N ratio in urban
greenspace soils (Livesley et al., 2016), other urban studies have
found no evidence of such an effect (Golubiewski, 2006; Raciti
et al., 2011; Edmondson et al., 2014b). In our study, the soil
C/N ratio was also unresponsive to vegetation, as indicated
by the surprisingly similar soil tot-C and tot-N concentrations
relative to vegetation type and soil depth (Figure 3). This suggests
that, in relative terms, the inputs (accumulation) and outputs
(loss) of the two elements (C and N) were similar in the urban
parks studied, which, in turn, indicates that C and N fluxes are
tightly coupled and biologically controlled in urban parks. This is
somewhat unexpected given the substantial role of anthropogenic
factors including the reactive N deposition (MacDonald et al.,
2002; Groffman and Pouyat, 2009), the urban heat island effect
(Arnfield, 2003) and other physical disturbances (Setälä et al.,
2014) that drive soil processes and soil formation in urban
habitats (Pouyat et al., 2010).
The relative proportion of C and N in the soil can be used
as an indicator of soil quality, describing the relative proportion
of nitrogen that is either mineralized by soil microbes or
immobilized into the microbial biomass (Berthrong et al., 2009).
The equal C/N ratio across all studied park soils implies that
the availability of N, i.e., soil fertility (Brady and Weil, 2008),
is similar beneath the three vegetation types in our study (per
age class), despite the 30% higher N concentration under the
evergreens than under lawns. It is noteworthy that our parks were
neither fertilized nor managed differently during at least the last
decades, indicating that soil fertility, judged by C/N ratio, is only
minimally controlled by plant types. This is supported by various
urban studies under different climates and vegetation types (Kaye
et al., 2005; Golubiewski, 2006; Raciti et al., 2011; Dungait et al.,
2012). The higher soil C/N ratio under evergreen trees in the
natural forest (19.31) compared to that in the old parks (14.47),
i.e., the higher availability of N for plant uptake in the old parks,
further suggests the effects of park management (e.g., mowing
and litter removal) on C and N dynamics. Indeed, litter removal
has been suggested to export only little N but substantial amounts
of C from urban green spaces (Kaye et al., 2008). Whether the
removal of deciduous litter is the main factor causing differences
in soil properties between evergreen and deciduous trees in
our study is open to debate and merits further research. Our
findings strongly suggest that vegetation affects physico-chemical
properties of urban soils—a hypothesis that, thus far, has only
been tested in natural and semi-natural systems (seeWardle et al.,
2004; Bardgett and Wardle, 2010).
The Effects of Park Age
Park age in general had a decisive influence on all the measured
soil variables: young parks differed from intermediate and old
parks whereas the latter two shared similar soil characteristics.
However, as park aged, the effects of vegetation types on soil
characteristics were magnified. We hypothesized that the ability
of plants to modify soils is park age dependent, i.e., controlled by
the time the plants and soils have interacted in the rhizosphere
(see De Deyn et al., 2008). Our results support this hypothesis.
Interestingly, unlike the other soil parameters, evergreen trees
acidified the soil quickly, which was already visible in young
parks. This is surprising, given the short time (∼10 years) that
evergreen trees had grown in the young parks. The polyphenol-
rich litter of evergreen trees (Ponge, 2003; Rasse et al., 2005), in
concert with their efficient cation exchange capacity (Helmisaari
Frontiers in Ecology and Evolution | www.frontiersin.org 7 August 2016 | Volume 4 | Article 93
Setälä et al. Plant Types Affect Urban Soils
FIGURE 2 | The effects of plant functional groups and park age on soil organic matter concentrations. Predicted means ±SE values are presented. The
panel on the left presents data with the three depth intervals pooled, while in the right panel data are shown for each depth interval separately.
and Mälkönen, 1989), may explain the low soil pH and the
high OM and C concentrations in evergreen soils. However,
irrespective of vegetation, soil pH declined clearly in the young
and intermediate parks, after which the acidification process
leveled out.
Besides soil pH, other soil properties also seemed to stabilize
after early park establishment: none of themeasured soil variables
(OM, tot-C, tot-N, the C/N ratio) differed between intermediate
and old parks. This corroborates previous findings suggesting
that 50 years is long enough for soil stabilization in urban
lawns (Raciti et al., 2011) and that the soil C concentrations
tend to increase during the first decades after park construction
(Golubiewski, 2006; Raciti et al., 2011; Livesley et al., 2016).
However, in contrast with Berthrong et al. (2009) and Livesley
et al. (2016), who reported an increase in soil C/N with time in
urban green spaces, we showed an initial decline in soil C/N after
which it stabilized at the intermediate age of parks. The lower
C/N ratio is due to the increased proportion of N relative to C,
i.e., the accumulation of N and/or a loss, in relative terms, of C
in the soil. Because the pattern was the same at each park age, we
conclude that the initial decline in the C/N ratio is not related to
vegetation itself, but rather to other factors that control C and N
inputs and outputs in northern latitudes. In urban milieus, such
factor may include N deposition and/or differences in C-rich
litter removal.
The higher soil pH and lower OM, tot-C, and tot-N
concentrations in young parks compared to the older ones
are not only attributable to vegetation effects but may also
be influenced by the quality of the top soil used during park
construction. Based on expert opinion (Pekka Engblom, Helsinki
City Public Works Department, and Markku Saari, Technical
and Environmental Services of the city of Lahti), however,
common park construction practices, including excavation
and topsoil addition, differed little between the young and
intermediate parks, suggesting that vegetation drives soil
processes in the parks. No information is available on common
practices in park construction >100 years ago, but based
on the nearly identical soil properties and similar vertical
stratification (see below) between intermediate and old parks, it
is unlikely that the protocols differed drastically. Furthermore,
it is possible that accumulation of heavy metals, known to affect
soil processes and plant growth (Selonen and Setälä, 2015),
differed between parks of different ages. The soils in young
parks may have accumulated less heavy metals compared to
the older parks, simply because of the much shorter time the
latter parks have been exposed to, e.g., traffic-derived metal
deposition. Whether deposition of heavy metals was large
enough to influence soil processes in the soil rhizosphere of
the small to medium-sized cities of Helsinki and Lahti requires
further studies. Furthermore, we cannot rule out the possibility
that the lower %OM and %C in the soils of young parks was
due to higher temperatures and thus enhanced decomposition
rates in these parks. To conclude, our results are consistent
with other studies showing that concentrations of C, N, and
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FIGURE 3 | The effects of plant functional groups and park age on soil tot-carbon (A) and tot-nitrogen (B) concentrations. Predicted means ±SE values
are presented. Panels on the left present data with the three depth intervals pooled, while panels on the right show results for each depth interval separately.
OM increase with park age, especially during the first decades
after park establishment. Although, the soil physico-chemical
parameters under lawns and deciduous trees seemingly stabilized
by the intermediate age, these parameters still change, albeit
slowly, with time in the evergreen rhizosphere. This further
emphasizes the importance of specific plant-soil interactions
in modifying soils in anthropogenically-disturbed urban
milieus.
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FIGURE 4 | The effects of plant functional groups and park age on the C/N ratio. Predicted means ±SE values are presented. The panel on the left presents
data with the three depth intervals pooled, while in the right panel data are shown for each depth interval separately.
Vegetation Effects on the Vertical
Stratification of Soil Parameters
We hypothesized that soils in young parks are more stratified
than soils in intermediate and especially the oldest parks. We
predicted that fewer roots deeper in the soil in young parks
would explain this variation since the mean residence time of
root-derived C is twice as long as shoot-derived C (Rasse et al.,
2005). Further, since root turnover is one of the most important
mechanisms by which organic matter enters the soil, it can
determine the distribution of C in the soil profile (Jobbagy and
Jackson, 2000). Similarly to previous studies (Golubiewski, 2006;
Raciti et al., 2011; Edmondson et al., 2012, 2014b; Livesley et al.,
2016) we showed that soil variables, except soil pH, were sensitive
to soil depth, and OM, tot-C and tot-N decreased and the soil
C/N ratio increased with soil depth. However, this pattern was
rather consistent across the targeted vegetation types and park
ages, suggesting that plant roots have a negligible effect on these
soil variables. This is unexpected given the clear root stratification
detected in other urban studies (Wu, 1985; Bae and Ryu, 2015).
We did not quantify plant root distribution. However, based on
our cursory visual inspection during sample preparation and
other ongoing research effort in the same locations, tree roots
were always present throughout the soil layers in the intermediate
and old parks, but absent deeper than 20 cm in the young parks
at the edge of the canopy projection where our sampling took
place. Thus, factors other than tree root distribution likely drive
OM, C and N accumulation in the soil profile in urban parks in
northern climates. For example, earthworms—capable of mixing
soils (Edwards and Bohlen, 1996)—were frequently observed
(H. Setälä, personal observations) in all parks and may have
unstratified the initially strongly layered young park soils.
However, in the forests where soil pH was ca. 1 pH unit
lower than in the old parks, soil pH declined with soil depth
underneath both evergreen and deciduous trees. The lower pH in
the forests and its stratification are likely results of podsolization,
typical to boreal forest soil (Mikola, 1985; Ponge, 2003) and
the scarcity of large-sized earthworms in these soils (H. Setälä,
personal observations). This also suggests that urban park soils
have abundant earthworm populations regardless of age and
vegetation and that they do not develop podzols typical to the
boreal biome. Furthermore, as shown in several studies, urban
soils typically have high pH (e.g., Craul and Klein, 1980; Jim,
1993; Hagan et al., 2012; Kuoppamäki et al., 2014), resulting
from materials used in urban infrastructure that are high in
calcium, such as concrete (Pouyat et al., 2007b). It is possible
that substantial Ca inputs result in oversaturation of Ca and
other cations in urban soils, which—in turn—inhibit clear soil
stratification indicative of boreal forests.
Vegetation and Ecosystem Services
The ability of soils, including urban soils, to sequester carbon and
nitrogen is among the most important soil ecosystem services
(see reviews by Pataki et al., 2006; Barrios, 2007; Churkina
et al., 2010; Pouyat et al., 2010; Wall et al., 2015). Based on
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elemental concentrations, we showed—to our knowledge for the
first time—that urban park soils in the northern climatic zone are
rich in C and N and, importantly, that plant functional groups
can control their concentrations for decades and even centuries.
To evaluate the potential of these soils to store C on an area
basis (e.g., kg C m−2), soil density (bulk density) must be known.
We did not determine bulk density because our main objective
was to evaluate plant effects at a local, rhizosphere scale rather
than to extrapolate the plant effects on C and N stocks at a
larger scale, e.g., that of a park. However, using bulk densities
typical to similar soils (Golubiewski, 2006; Raciti et al., 2011;
Edmondson et al., 2014b; Bae and Ryu, 2015; Livesley et al., 2016),
we estimated the potential of our different vegetation types to
sequester C and N at a larger scale. We averaged the literature-
derived soil bulk density data for each soil layer separately and
used 1.22, 1.45, and 1.53 for 0–10, 11–20, and 21–50 cm soil
depths, respectively. The depth intervals in these publications
were not always equal to ours; we used those most similar to
our intervals. Based on these estimates, old parks without trees
(i.e., lawn) store, on average, 22.02 kg C m−2 (0–50 cm depth),
whereas old parks with deciduous trees store 23.40 kg C m−2
and with evergreen trees as much as 35.50 kg C m−2. The
potential of young parks without trees to store C is much
lower, 14.90 kg m−2, whereas these parks with deciduous
trees and evergreens can store 21.40 and 18.90 kg of C m−2,
respectively.
Our soil C density estimates are high and likely attributable
to the northern location. The SOC sequestered by urban
greenspace soils at lower latitudes range between 2 and 18 kg
m−2 (Golubiewski, 2006; Pouyat et al., 2006, 2009; Edmondson
et al., 2014b; Livesley et al., 2016). Given the large variation
in sampling depths among these studies, comparing our results
to others is not straightforward. However, it seems that both
carbon concentrations and densities (Golubiewski, 2006; Raciti
et al., 2008; Lorenz and Lal, 2009; Livesley et al., 2016) are
higher in our park soils than in those reported for greenspace
soils in milder climates. This is not surprising given the
strong influence of temperature on decomposition (Swift et al.,
1979) and the fact that evergreen trees—that have received
little attention in previous urban greenspace studies—produce
poorly decomposable litter. Using bulk densities we adopted
from the literature for the high fertility native forest soils,
we estimate that the amount of C stored in the upper 0–20
cm soil is 17.9 and 18.0 kg m−2 for the native forests and
old urban parks with evergreens, respectively. This indicates
that converting native mixed forests to urban parks does not
necessarily lead to noticeable changes in C sequestration in
northern climates, at least when the parks are planted with
trees.
Urban parks also differed in their soil N stocks. Soils beneath
evergreen trees in old parks stored on average 2.29 kg tot-N m−2
whereas those under lawn stored 1.53 kg m−2. Stocks of soil tot-
N in young parks were 1.8 and 0.81 kg m−2 under evergreen
trees and lawns, respectively. Similarly to tot-C, evergreen trees
were associated with the highest and lawns with the lowest stocks
of soil tot-N. In old parks the amount of tot-N stored under
deciduous trees was 78% of that under evergreen trees, whereas
in young parks the two tree types stored an equal amount of
N. Knowledge about soil N stocks in urban greenspace soils is
scanty (Lorenz and Lal, 2009). Of the few studies available, N
stock of over 0.50 kg m−2 (0–100 cm depth) has been reported
in urban residential green spaces in Baltimore, USA (Raciti et al.,
2011). N density declined slightly with depth—from ca. 0.17 kg
m−2 at the surface soil (0–10 cm depth; %N = 0.20) to 0.16 kg
m−2 (%N = 0.03) deeper (30–70 cm) in the soil profile (Raciti
et al., 2011). These values are considerably lower than ours,
suggesting that urban parks, especially old ones with evergreen
trees, under northern climates have a particularly high capacity
to retain soil N. However, whether soils underneath the divergent
plant types differ in terms of preventing NO3 leaching or N2O
emissions—processes considered crucial ecosystem services—is
unknown. As for soil types, sandy loam, and loamy sand were the
dominant soil types in each park of the study, with approximately
75% of the soils falling into these two categories (unpublished
data). Judged by visual observation only few sites showed signs
of disturbance at depths more than 20 cm; in 5 parks in Helsinki
there was evidence of fill material derived from landscaping
activities.
CONCLUSIONS
We demonstrated that plant functional groups typical in urban
parks in northern latitudes differ in their ability to modify
soil physico-chemical properties, and that the magnitude of
vegetation effects often increased with park age. This is surprising
given that the soil, independent of vegetation and park age,
was topped by well-growing grass cover and not, except for
the lawn, by understory vegetation typical to these trees under
natural conditions. We also show that the soil in urban green
spaces possess a substantial capacity to store C and N even
without irrigation and frequent fertilization, treatments that are
suggested to be responsible for the high C sequestration in
urban green spaces (see Pouyat et al., 2006, 2010). Evergreen
trees were particularly influential for soil characteristics, possibly
because of their recalcitrant litter and root exudates that
lower pH and increase OM content compared to lawns. This
suggests that old parks with evergreen trees are particularly
effective in modifying park soils. However, one needs to bear in
mind that urban green spaces provide a multitude of services,
including esthetic values, and recreational services for park
visitors.
Besides plants, diverse microbial communities perform many
transformations that control soil properties and provide diverse
ecosystem services (Harris and Birch, 1989; Bell et al., 2005;
Green and Bohannan, 2006), While these microbial communities
govern soil biogeochemical cycles, the structure, activity and
diversity of the soil biota are sensitive to a range of biotic and
environmental factors (Colloff et al., 2008;Macdonald et al., 2009;
Jumpponen et al., 2010). Soil microbes may directly respond to
changes in soil geochemistry (Fierer and Jackson, 2006; Rousk
et al., 2010), but may also differ among plant species, particularly
in the rhizosphere (Grayston et al., 1998; Lothamer et al.,
2014). As a result, dissecting the linkages between management
Frontiers in Ecology and Evolution | www.frontiersin.org 11 August 2016 | Volume 4 | Article 93
Setälä et al. Plant Types Affect Urban Soils
decisions that lead to urban greenspace plant species selection,
their effects on the soil and rhizosphere microbiomes, and the
resultant ecosystem services would be critical next steps to gain
deeper appreciation for the interconnectedness between urban
land use, soil biogeochemistry, and soil food webs. However, our
understanding of the complex interactions between the urban soil
biota and environment factors in urban areas remains superficial
at best.
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